Abstract. An examination is presented of the relevance of luxury to the wool textile and garment supply chain. This examination leads to a review of the concept and importance of fabric handle as a means of defining important aspects of fabric quality. Examples are given for woven fabrics of the general relationships between subjectively assessed fabric handle attributes such as fabric softness and smoothness and measured low stress, generally high deformation, fabric properties such as fabric bending rigidity and extensibility. A brief overview is presented of the development of a system for predicting a set of subjectively assessed handle attributes for next-to-skin knitted fabrics from measurable fabric properties. Seven handle attributes selected by experienced assessors as being important for defining tactile sensations associated with next-to-skin knitted fabrics were: fabric smoothness, hairiness, softness, tightness, dryness, warmth and weight. Subjective assessments on a 1-10 scale of these seven attributes, plus an assessment of overall handle, were conducted by 12 experienced assessors on 74 next-to-skin knitted fabrics. The precision of the mean assessment of the 12 assessors ranged between 0.8 and 1.1, indicating that there was sufficient consensus on key fabric handle assessments to justify development of a method for predicting them from measurements of the physical properties of fabrics. All fabrics were tested using the PhabrOmeter fabric evaluation system, which records the force exerted during insertion of a fabric into and through an orifice. Geometric parameters were derived to describe the PhabrOmeter force-displacement curve results, and statistical models were developed to predict the average handle assessments of the 12 assessors. The precision of the models in predicting the handle intensities of eight fabric attributes on an independent validation set of 22 fabrics was significantly better than the precision of an individual assessor (confidence limits = 1.4-2.6 and 2.5-3.8, for predicted and assessed ratings, respectively). A case is made that this technology has the potential to assist in the growth of new markets for Merino wool products.
Luxury has been defined as, 'choice or costly food, dress, furniture, etc.; thing one enjoys; thing desirable for comfort or enjoyment but not indispensible; luxuriousness; relating to luxuries, comfortable and expensive' (Sykes 1987) . The word 'luxury' has connotations of enjoyment, desirability and gratification of the senses as well as an association with the word 'expensive'.
The relevance of luxury to wool fabrics was highlighted in a recent market research survey of 22 000 consumers aged 16-64 years (Swan 2010) . The survey was conducted in 2006-07 by Millward Brown Research on behalf of Australian Wool Innovation in 10 key wool apparel markets -Australia, China, France, Germany, India, Italy, Japan, Russia, the UK and the USA. Each of the 18 drivers of fabric appeal identified in the study was assessed for wool, cotton and synthetic fibres. These drivers, which are listed in Table 1 were grouped into four categories of 'lifestyle fit', 'natural class', 'perceived luxury' and 'next-to-skin comfort', based on perceived functional similarity.
Wool attracted higher ratings than other fibre types for the 'perceived luxury' attributes of 'worth paying extra for', 'is a symbol of status' and 'expensive'. In the minds of consumers in the markets where most apparel wool is sold there are positive associations of wool with perceived luxury. In fact it is likely from these results that wool fabrics receive a premium in the market because of that association with luxury. This implies a commercial imperative exists to ensure that wool fabrics maintain their association with luxury in the minds of the consumer.
Why is wool fabric handle of interest?
In considering the element of luxury associated with gratification of the senses the dominant sense associated with fabrics is touch, although sight, i.e. fabric appearance, may contribute to our sensing of a fabric. Any definition of luxury in the context of fabrics will centre on the touch, or handle, of a fabric, i.e., the sensations we feel when handling a fabric. Indeed the Millward Brown research also notes that wool has higher ratings than the other fibres for 'soft to touch' and for 'high quality'.
Handle has been defined as 'The subjective assessment of a textile obtained from the sense of touch. It is concerned with the subjective judgement of roughness, smoothness, harshness, pliability, thickness, etc.' (Denton and Daniels 2002) .
The complexities of tactile sensation and modern language make communication about fabric handle difficult. In a similar manner as communicating about colour or taste, the ambiguity of words used to describe what is sensed by touch may cause misunderstandings between individuals. Those involved in handling fabrics have developed a lexicon to describe various aspects of fabric handle (Howorth and Oliver 1958; Ellis and Garnsworthy 1980; Wheelwright et al. 1985; Mahar 1988) . Thus the uninitiated may be surprised that words such as 'fullness,' 'scroupy' and 'sleazy' have particular meanings in the context of fabric handle.
A landmark study in the 1970s and 1980s (Kawabata 1975 (Kawabata , 1980b showed that there is a common linguistic framework for describing the handle of men's suiting fabrics, and there is general agreement within the Japanese worsted suiting industry about the meaning of important characteristics of suiting fabric handle such as 'smoothness' and 'stiffness', and about the intensity of these characteristics in a range of fabrics. However, this agreement was not perfect -there was variation in the scores that experienced assessors gave for the intensity of smoothness, stiffness and other suiting fabric characteristics.
The difficulty of communicating the concept and intensity of handle sense across cultures and languages exacerbates differences in handle assessment between assessors. The definition of one of the attributes used to specify the handle of suiting material in Japan is an example. The Japanese term for this fabric handle characteristic is Numeri and its English language definition is: 'A mixed feeling come from smooth, limber and soft feeling. The fabric woven from cashmere fibre gives this feeling strongly' (Kawabata 1980b) . The English word used to describe this Japanese characteristic is 'smoothness', though it has been suggested that 'sleekness' is more appropriate (Wheelwright et al. 1985; Mahar 1988) .
The Hand Evaluation and Standardisation Committee of Japan improved communication about, and understanding of, fabric handle assessment for men's suiting fabrics by producing 'standard' fabrics (The Hand Evaluation and Standardisation Committee 1980, 1982) , which had agreed intensities for each of the handle characteristics of commercial importance for suiting fabrics. The use of fabric standards and scores related to important attributes of fabric handle improved the clarity of communication about fabric handle and enabled improved product development and quality control. An example of improved communication was the quantification of cultural differences in the desirability of handle characteristics (Mahar and Postle 1982) in certain markets.
Measurement of fabric properties associated with fabric handle
The concept of measuring physical properties of fabrics and associating them with the handle of fabrics was introduced in 1930 (Peirce 1930) . Techniques were developed to measure the stiffness and surface friction of fabrics and these measurements were associated with the handle of fabrics. This early work established the principle that fabric handle is associated with measurable physical properties of fabrics, e.g., how fabrics flex and stretch and their thickness and surface friction properties. Increasingly sophisticated testing equipment has since been developed. The most comprehensive system to date is the Kawabata Evaluation System for Fabrics (KESF), which was developed in the 1980s and involves measuring mechanical and physical properties of fabrics that are associated with subjective handle ratings for men's suiting fabrics (Kawabata 1980a (Kawabata , 1980b . The KESF consists of multiple instruments that measure individual mechanical and surface properties such as fabric tensile, shear, bending, lateral compression and surface friction properties. Another fabric testing system, Fabric Assurance with Simple Testing (FAST) (Ly et al. 1988; Lai et al. 2002) , was also introduced in the late 1980s, which measured fabric properties and related results to fabric handle and tailorability and to garment appearance. However, the KESF and FAST are configured for woven fabrics and are not well suited to testing lightweight knitted fabrics used for next-to-skin wear. The KESF is also relatively expensive to acquire and complex to operate (Pan et al. 1993; Bishop 2003; Pan 2006 ).
An alternative, simpler approach is to predict fabric handle from the deformation properties that a fabric exhibits while being pulled or pushed through a ring or nozzle (Alley and McHatton 1978; Kim and Slaten 1999) . Using this singular instrumentbased approach, a force-displacement curve is generated and used to predict fabric handle. As a result of research by Pan and his coworkers (Pan and Yen 1992; Pan 2006) , the PhabrOmeter Fabric Evaluation System ( Fig. 1 ) was developed by Nu Cybertek Inc., Davis, CA, USA to objectively evaluate the handle of various types of fibrous sheets. Unlike the KESF, no attempt is made to separately measure individual fabric properties (such as bending, compression, tensile and surface properties) associated with fabric handle. The shape of the resulting force versus displacement curve in a PhabrOmeter test has been shown to be associated with the bending, biaxial extension, creasing and dynamic friction properties of fabrics (Wang et al. 2008 ).
Development of handle prediction for next-to-skin knitted fabrics
Changes in technology and a shift in wool processing and fabrication centres from Europe to Asia have created a need for very clear communication about fabric handle. Objective measurement, rather than subjective assessment, of fabric handle represents a means of improving communication about fabric handle within the supply chain from the wool grower to the retail store. The Cooperative Research Centre for Sheep Industry Innovation has taken the initiative of developing an objective measurement system for a new market for wool products, next-toskin knitted fabrics, as part of a project to develop and implement technology designed to supply comfortable, brightly coloured next-to-skin garments of desirable handle.
The development of a fabric handle prediction system for next-to-skin knitted fabrics based on PhabrOmeter testing has involved the following sequence of steps: * Collection of a range of next-to-skin knitted fabrics; * A survey of 16 experienced assessors of the handle of next-toskin knitted fabrics to determine descriptive words for fabric attributes used to communicate fabric handle information within the next-to-skin supply chain; * Assessments by a panel of 12 experienced assessors of each fabric in the range for the selected fabric handle descriptors; * Measurement of each fabric using the PhabrOmeter; * Derivation of parameters from PhabrOmeter test results; * Development of prediction models for each fabric handle descriptor; and * Validation of the handle predictions using assessments, testing and predictions on an independent set of fabrics.
Database of next-to-skin knitted fabrics
A total of 74 fabrics was assembled from Australian and overseas sources and used in the development and validation of the model. An initial set of 52 fabrics was used for handle assessments and model development, and a second set of 22 fabrics was utilised for the validation process, 3-4 months later. All fabrics were of single jersey construction and consisted mainly of wool, although other fibre types were represented in pure form, including cashmere, cotton, viscose and lyocell. The fabrics also contained blends of these fibres plus polyester, nylon and elastane. Details of the weight and thickness of the fabric sets are shown in Table 2 . 
Fabric handle attributes
A set of 50 knitted fabrics was presented for review by the assessors. The assessors were encouraged to handle the fabrics and to nominate words to describe the handle of the fabrics. Eight meetings were held. Each meeting was attended by between one and four assessors from each of eight organisations involved in the textile or clothing industries. Eighty-nine different fabric handle descriptors were used by the assessors on 192 occasions during the survey. The descriptors were tabulated and grouped. A summary was made of the most popular descriptors and their opposite descriptors associated with fabric handle. Further details of this trial are included in a publication in preparation covering the analysis of the subjective handle assessments in this trial (T. J. Mahar and H. Wang, unpubl. data) . The word pairs considered appropriate for describing the handle of next-to-skin knitted fabrics were: * Smooth-rough (surface property); * Soft-hard/harsh (flexural property); * Clean-hairy (surface property); * Cool-warm (perceived temperature); * Heavy-light (bulk property); * Tight-loose (flexural property); and * Dry-greasy (surface property).
Fabric handle assessments
The essential question addressed by the analysis of the fabric handle assessments of the 12 experienced assessors concerned the level of consensus among assessors about the handle scores of the fabrics. What level of consensus exists among the assessors to provide a suitable target value for prediction based on objective testing data?
A summary of the subjective assessment analyses which address this question is shown in Tables 3 and 4 (T. J. Mahar and H. Wang, unpubl. data) . Table 3 presents a summary of the assessment scores for overall handle and the seven fabric handle attributes. Table 4 shows the correlation coefficients between each individual assessor's scores and the average scores of all 12 assessors for overall handle and the seven handle attributes.
The range in average overall handle ratings for 52 fabrics varied from a low of 4.8, 'average' to a high of 7.3, 'above average'. Thus, there was a difference between these two assessors in their average assessment of overall handle of 2.5 units on a 0-10 scale. Similar differences, ranging from 2.1 units (warm-cool) to 3.1 units (hard-soft), were observed for each of the fabric attributes. These results indicate differences among assessors in the absolute values of handle scores for the 52 fabrics, i.e., some assessors rated the fabrics more highly than others in overall handle and in each of the fabric attributes.
The correlation of each assessor's handle score with the average handle score of the full set of 12 assessors is a measure of agreement among assessors of the fabric ranking for each handle attribute. For example, the average correlation coefficient of 0.75 (range 0.53-0.89) for overall handle shows that there was a high level of agreement among the 12 assessors in overall handle ranking of the fabrics, even though there were differences of up to 2.5 units in absolute value in their handle scores. The average correlation coefficients for the fabric handle attributes in Table 4 range from 0.54 to 0.77 and are all statistically significant. These correlation coefficients indicate that these experienced assessors had similar preferences in rating the fabric handle attributes.
Estimates of the precision of the average handle score for each handle attribute are shown in Table 5 (T. J. Mahar and H. Wang, unpubl. data) . The average 95% confidence limit for the mean score of the 12 assessors ranged from 0.8 to 1.1. The equivalent precision estimate for a single assessor ranged from 2.5 for warm-cool feeling to 3.8 for overall handle. These confidence limits show that, although there was significant agreement among assessors on the scoring of the fabrics for the seven fabric handle attributes and overall fabric handle, there was variation among assessors within their assessments.
These results indicate that sufficient consensus exists on fabric handle assessment to provide a basis for prediction using measurement of the physical properties of fabrics. The mean handle score of the 12 assessors was selected as the target value for prediction for each fabric handle attribute for each fabric.
Fabric testing -the PhabrOmeter
The PhabrOmeter fabric evaluation system was chosen for this project after a critical review of the fabric handle literature. The system is fast, simple and cost-effective. The suitability of knitted fabrics with a weight range of 140-210 g -2 for next-toskin wear was assessed (Wang et al. 2008) . A testing protocol was established according to variance and precision estimates based on measurement of multiple test specimens (Wang et al. 2008) .
Based on fabric linear density (Kacvinsky and Pan 2006) , five fabric classes have been defined for the standard PhabrOmeter system. Different testing protocols and built-in models are used for each of the five fabric classes. However, not one of these classes is suitable for testing all next-to-skin knitted fabrics. Therefore, a new testing protocol and new prediction models were developed for using the PhabrOmeter system to predict the handle of next-to-skin fabrics.
PhabrOmeter testing parameters
PhabrOmeter testing was undertaken on the two sets of fabrics (52 fabrics and 22 fabrics) used for subjective assessment. Eleven parameters were derived from the PhabrOmeter force versus displacement relationship based on evaluation of PhabrOmeter performance (H. Wang, T. J. Mahar and R. Hall, unpubl. data) . A typical force versus displacement relationship is shown in Fig. 2 . These parameters, which include the maximum force and its displacement, rate of force build-up before the maximum force and rate of force drop-off following maximum force, displacements at zero force from the linear extensions of the curve slopes both before and following the maximum force, were extracted for each fabric tested.
Prediction of fabric handle attributes
Statistical modelling was used to derive prediction relationships between PhabrOmeter curve parameters and the average rating scores of the 12 assessors for each fabric handle attribute.
Fabric mass and thickness were also measured and used as predictors in the models. As expected, some parameters were highly correlated, e.g., work done was correlated with maximum displacement. These highly correlated parameters were considered for initial removal from linear regression relationships during modelling.
Modelling procedure
In the subjective handle assessments, the assessors used different ranges of scores for the same set of fabrics. To maximise the information available for each assessment, the scores of each assessor were normalised to the mean and standard deviation of scores for each handle attribute. The average of the assessors' normalised scores for each fabric was used in the development of each prediction model.
Multiple linear regression was used for the modelling. Stepwise methods (step-backward and step-forward procedures) were employed based on ANOVA for the model at the 95% confidence level. Highly correlated and insignificant curve parameters were initially removed from the models in a stepwise procedure to achieve a reasonably high coefficient of determination and a low root mean square error of prediction. The stepwise methods were repeated until a minimal adequate model was achieved. The models were developed using normalised data. To predict the handle scores, the predicted values from the models were transformed into actual scores. The average score of all assessors was used for each fabric. Details of the modelling and prediction of handle scores are presented elsewhere (H. Wang, T. J. Mahar and R. Hall, unpubl. data) . Table 5 shows comparisons in the level of precision of handle assessments between an experienced individual assessor and handle scores predicted by models based on PhabrOmeter test data. The confidence levels show that the precision of the model is significantly better than the precision of an individual assessor (H. Wang, T. J. Mahar and R. Hall, unpubl. data) .
Comparison of precision of fabric handle assessment and prediction

Implications for the Merino wool textile industry
Application of previous fabric handle prediction systems such as KESF and FAST has concentrated more on the use of measured parameters than on the actual predictions themselves Ly et al. 1988 ). These parameters have been used in product development and quality assurance both in manufacturing and in specification between supply chain partners. KESF and FAST technologies, which measure the response of fabrics to low stress deformations of the type experienced in wear provide tools to enable technologists to develop and improve fabric (especially woven fabric) performance in quality critical areas such as fabric handle, drape and tailorability (Matthews 1985) . Charts have been produced, which nominate regions within which certain measurement parameters must fall to ensure, for example, acceptable tailoring performance.
It remains to be seen whether or not the parameters derived directly from the PhabrOmeter force versus displacement relationships or those derived from multivariate analysis of these relationships will provide the most useful tools to improve and maintain the quality of next-to-skin knitted wool fabrics.
The timing of these developments is also important for the wool supply chain because of the ongoing shift of global knitted fabric production from traditional areas in Western Europe to the emerging areas in Asia and Eastern Europe. The existence of objective tools to address aspects of fabric quality is of particular advantage in areas where there is no strong tradition in the production of high quality fabrics.
It has also been argued that the future prospects for growth in markets for Australian Merino wool depend on success in new apparel product development and marketing in two apparel sectors, one of which is lightweight knits suited to all-year wear by affluent consumers (Swan 2010) . The global shift in knitted fabric production to non-traditional regions and the perceived importance of developing lightweight next-to-skin knitted fabrics imply that fabric handle and PhabrOmeter parameter developments presented herein have the potential to play an important role in the development and maintenance of a new market for Australian Merino wool.
